Ultra-short echo time (UTE) imaging is a technique that can visualize tissues with submillisecond T 2 values that have little or no signal in conventional MRI techniques. The short-T 2 tissues, which include tendons, menisci, calcifications, and cortical bone, are often obscured by long-T 2 tissues. This paper introduces a new method of long-T 2 component suppression based on adiabatic inversion pulses that significantly improves the contrast of short-T 2 tissues. Narrow bandwidth inversion pulses are used to selectively invert only long-T 2 components. These components are then suppressed by combining images prepared with and without inversion pulses. Fat suppression can be incorporated by combining images with the pulses applied on the fat and water resonances. Scaling factors must be used in the combination to compensate for relaxation during the preparation pulses. The suppression is insensitive to RF inhomogeneities because it uses adiabatic inversion pulses. Simulations and phantom experiments demonstrate the adiabatic pulse contrast and how the scaling factors are chosen. In vivo 2D UTE images in the ankle and lower leg show excellent, robust long-T 2 suppression for visualization of cortical bone and tendons.
Introduction
Ultra-short echo time (UTE) imaging is a magnetic resonance imaging (MRI) technique that can image tissues with very short T 2 relaxation times (1) . These tissues normally have little or no signal in conventional MRIs, and there are many potential in vivo applications of imaging short-T 2 species (2, 3). These species are found in structured and connective tissues where strong dipolar couplings lead to short transverse relaxation times. Examples of such tissues include collagen-rich tissues such as tendons, ligaments and menisci, as well as calcifications, myelin, periosteum, and cortical and trabecular bone.
Conventional imaging methods have difficulty imaging species with T 2 values smaller than a few milliseconds because of constraints on the minimum echo time (TE). UTE imaging captures much shorter T 2 species because the TE is only limited by MR system switching times and coil ring down time. Most clinical MR systems can achieve a minimum TE of 40 to 200 µs, and the shortest reported is 8 µs (4).
There have been multiple studies published exploring possible clinical applications for UTE imaging. These include imaging calcifications, cavernomas, and metastases in the brain (5, 6) , hemochromatosis and cirrhosis in the liver (7), the periosteum (8) , cortical bone (9), lung parenchyma (10, 11) , and tendon, menisci and articular cartilage (12) (13) (14) . Recent studies have also investigated using gadolinium for contrast enhancement (15) , as well as short-T 2 phosphorus and sodium imaging in vivo (16, 17) . Imaging connective structures such as myelin, capsules, and falx are other potential applications.
Long-T 2 component and fat suppression are widely used in UTE imaging to enhance the contrast of short-T 2 components. Long-T 2 components at both the fat and water resonances often have higher signal and also decay slower, overwhelming and obscuring the quickly decaying short-T 2 components. There are various long-T 2 suppression methods, each with their own advantages and disadvantages.
There are primarily two groups of long-T 2 suppression methods. The first group uses T 2 information gained from later echo times to suppress long-T 2 species. Subtracting a later echo image, containing signal only from long-T 2 species, is the most common method (2, 5, 18) .
Combining multiple different TE images can also create highly T 2 selective images (19) .
Since later TE images have no short-T 2 signal, the combination decreases short-T 2 signal-tonoise ratio (SNR). Off-resonance and T * 2 artifacts can be a problem too, especially for fat suppression. These techniques are simple to implement and provide useful reference images.
The second group of long-T 2 suppression methods are based on RF saturation pulses. These are long π/2 pulses that do not excite short-T 2 species for whom their decay rate exceeds the pulse excitation rate (20, 21) . Long-T 2 species are saturated by the pulse and subsequently dephased. This technique produces images with good short-T 2 contrast, but is sensitive to off-resonance and inhomogeneous B 1 fields. The off-resonance sensitivity can be improved by interrupting the long saturation pulse with short refocusing pulses (22) . This method was designed for imaging longer short-T 2 species (≈ 10 ms), and its performance varies with
Inversion recovery (IR) can also be used to selectively null long-T 2 components with a particular T 1 (2) . Longer inversion pulses can be used to preserve more short-T 2 signal, but are more sensitive to off-resonance.
In this article we introduce a new method for suppressing long-T 2 components that is robust to B 1 field variations because it is based on adiabatic inversion pulses. It involves combining two images in which the magnetization has been prepared by adiabatic inversion pulses that create T 2 contrast. The pulses only invert long-T 2 species, not short-T 2 species, and the pulse bandwidth determines the contrast. Long-T 2 species are removed by combining an image with inverted long-T 2 species and an image without inversion preparation. Fat can also be suppressed by combining an image where fat is inverted and an image with inverted water long-T 2 species. Phantom and in vivo experiments presented confirm that the suppression is precise and insensitive to B 1 field variations while preserving short-T 2 signal.
Theory

T 2 Contrast
The T 2 contrast of an RF pulse is primarily determined by the spectral bandwidth of the pulse. For a pulse with a bandwidth that is much greater than 1/T 2 , the longitudinal magnetization after a pulse, neglecting T 1 , will be approximately:
where ω 1 (t) is the RF pulse amplitude and Ω 1 (f ) is its Fourier transform (21) . Equation 1
shows that the change in M Z is proportional to T 2 and the RF power, irrespective of the pulse shape, and Eq. 2 shows how this is related to the approximate pulse bandwidth.
Intuitively, the RF pulse T 2 contrast comes from the idea that it is easy to excite long-T 2 species but difficult to excite short-T 2 species. Short-T 2 species will decay faster than excited if the pulse amplitude is low enough, while longer T 2 species will still be excited by the pulse.
Adiabatic Pulses
Adiabatic RF pulses are advantageous because of their insensitivity to inhomogeneities in the B 1 field (23). They are characterized by amplitude and frequency modulation functions that define frequency sweeps, during which the magnetization is kept either aligned or perpendicular to the effective RF field provided that the RF amplitude is greater than the adiabatic threshold. It has been previously shown through Bloch equation simulations that T 2 relaxation during the adiabatic hyperbolic secant (sech) pulse can prevent complete inversion of the magnetization (24) , suggesting that T 2 contrast can be generated by adiabatic pulses. They demonstrated how the net magnetization is smaller due to relaxation and also lies partially in the transverse plane.
It was also shown in (24) that increases in RF amplitude reduced the magnitude of the resulting short-T 2 magnetization while the response of long-T 2 components is invariant to RF amplitude variations above the adiabatic threshold. As B 1 increases, the short-T 2 magnetization is tipped more into the transverse plane, causing more T 2 relaxation to occur.
This result is consistent with Eq. 1. Adiabatic pulses for T 2 contrast in UTE imaging should therefore be power efficient to preserve the most short-T 2 signal.
The bandwidth of adiabatic pulses also affects the short-T 2 response. Figure 1 demonstrates that, for an adiabatic sech pulse at the adiabatic threshold, the inversion is more effective with increasing bandwidth. This relationship is similar to Eq. 2, which was derived for nonadiabatic pulses (21) . Shorter T 2 species are tipped less than longer T 2 species, as expected from (24) .
Adiabatic pulses for selective long-T 2 inversion should be power efficient with a narrow bandwidth and a flat spectral profile across the inversion band. Offset independent adiabaticity (OIA) pulses have such a flat spectral profile across which they efficiently distribute their power (25) . Of the OIA inversion pulses in (25) , the sech and Lorentz modulation functions have the best spectral profiles with comparable power efficiency. They have the highest peak amplitudes, but this is not an issue for selective long-T 2 inversion pulses which are long-duration and low-power to preserve short-T 2 signal, and will not approach the peak amplitude limitations. Lorentz pulses have slightly less required power and a better profile than the sech pulse, but a higher peak amplitude.
Both T 2 and T 1 relaxation during selective long-T 2 adiabatic inversion pulses have a nonnegligible effect on the inversion because longer pulse durations are required for narrow bandwidth pulses. The pulse response in the presence of relaxation can be predicted accurately with full Bloch equation simulations, as done in (24) .
Methods
Long-T 2 Suppression
Our method for long-T 2 suppression uses the pulse sequence shown in Fig. 2 . It consists of two interleaved UTE acquisitions with adiabatic inversion magnetization preparation pulses applied immediately before one or both of the acquisitions. The 2D UTE acquisition uses summed half-pulse acquisitions with alternating slice select gradients to create a good slice profile, followed by a projection-reconstruction (PR) readout (10).
Long-T 2 suppression is achieved by combining the two acquisitions. The adiabatic inversion preparation pulse inverts only the long-T 2 magnetization and the contrast is stored in M Z by the accompanying crusher gradient. The resulting long-T 2 inverted image is summed with an image acquired without inversion preparation to suppress the long-T 2 signal. This summation is complex to preserve the polarity of the signal. As shown in Fig. 2 , the two image acquisitions are interleaved. This is done to minimize T 1 -weighting effects and potential motion artifacts when combining the images.
This method can be modified to also suppress long-T 2 components in fat by applying a second inversion preparation pulse centered at the lipid resonance (gray box in Fig. 2 ). Long-T 2 components at both resonances will be inverted only in their respective inversion-prepared images and can each be suppressed by combining the images, as shown in Fig. 3 . Short-T 2 species are attenuated by both pulses because of their broad spectrum.
Summing the two images will improve short-T 2 contrast but not completely suppress long-T 2 components because relaxation during the preparation pulses decreases the total magnetization. For example, the inverted magnetization in Fig. 3 , simulated with T 2 = 100 ms and T 1 = 1 s, is at M Z ≈ −0.9M 0 , indicating a 10% attenuation during the 30 ms inversion pulses.
To compensate for this and improve the suppression, a scaling factor is applied when the images are combined.
This scaling factor can be predicted based on the steady-state magnetization and Bloch equation simulations. The non-inverted and inversion-prepared signal, S and S inv , respectively, in the interleaved acquisitions are
where θ is the half-pulse flip angle,
the inversion pulse duration, and C prep is the factor by which the inversion pulse scales the longitudinal magnetization (C prep = −1 for a complete inversion). C prep is a function of T 1 , T 2 , and the inversion pulse, and is calculated with Bloch equation simulations.
The predicted scaling factor is the ratio of these two signals:
This can be simplified by using a half-pulse flip angle of θ = π/2. This reduces T 1 -weighting by putting the long-T 2 magnetization in transverse plane after each excitation, reducing Eq. 5 to
Phantom experiments are compared to this result later in this paper. Multi-exponential relaxation can also be incorporated into this analysis, which is described in the Appendix.
Two scaling factors are required to completely suppress long-T 2 species at both the water and lipid resonances because they are inverted in separate images. The model in Eq. 6
is used in conjunction with a phase separation process so only the inverted components are scaled in their respective images, which is illustrated in Fig. 4 . The phase separation begins with removal of the estimated linear phase from each image. The linear phase is estimated by a least-squares fit of the phase in the object. This is followed by the addition of a constant phase shift to unwrap phase discontinuities. The separation is then performed by thresholding the difference between the corrected phases. Taking the phase difference removes any additional baseline phase. After the phase separation, the two scaling factors are applied only to the inverted components in their respective images, canceling out long-T 2 species at both the water and lipid resonances.
Simulations
Simulations were used to validate the performance of the RF pulses as well as estimate the scaling factors. We used a Bloch equation simulation that calculates the precession and both T 1 and T 2 decay matrices using the RF waveforms for each of a set of resonant frequencies.
This Bloch simulation was coded in Matlab (The Mathworks, Natick, MA, USA), and is available at http://www-mrsrl.stanford.edu/∼brian/blochsim. The off-resonance frequencies used are relative to water protons at 1.5 T. When estimating the in vivo scaling factors, C prep was averaged over ±50 Hz across the inversion band to account for small resonance shifts.
Experiments
A GE Excite 1.5T scanner with gradients capable of 40 mT/m amplitude and 150 T/m/s slew rate (GE Healthcare, Milwaukee, WI) was used for all experiments. Figure 2 shows the 2D UTE pulse sequence with inversion preparation pulses and interleaved half-pulse excitations.
The half-pulses were designed for a 90
• flip angle (26) . This leaves the magnetization is in the transverse plane after each excitation, and was used to simplify Eq. 5 to Eq. 6.
We used a PR readout gradient with ramp sampling and an acquisition time of 1 ms, which is similar to the T 2 values of interest (18) . The maximum slew rate was used on the ramp, and the readout gradient amplitude was determined based on the resolution and the fixed acquisition time. The minimum TE of our configuration was 80 µs, limited by the coil ring down time and hardware switching times.
The acquisitions were oversampled in the radial direction, supporting a region larger than the desired field-of-view (FOV). This oversampling comes at no cost because the extra samples are averaged out in the gridding reconstruction. The in vivo acquisitions were undersampled in the angular direction to reduce the scan time. Angular undersampling is common in PR MRI because the diffuse aliasing of the trajectory produces tolerable aliasing artifacts (27) (28) (29) (30) .
The images were reconstructed using the gridding algorithm to resample the radial k-space data onto a uniform grid with a minimal oversampling ratio (31) . The gridding was done on a matrix with an oversampling ratio of 1.25 using a Kaiser-Bessel kernel with a width of 6 grid samples and β calculated as described in (31) . The kernel was presampled and then linearly interpolated to find the desired kernel value. Prior to gridding, a radial density compensation factor was applied. This factor was calculated based on the trajectory geometry and accounts for the ramp sampling. In the angularly undersampled acquisitions, it was made constant beyond the k-space radius for which the data was undersampled to increase the SNR efficiency (32).
Phantoms with various T 1 and T 2 values were created by doping distilled water with Manganese Chloride (MnCl 2 ). They were imaged using TE = 220 µs, flip angle = 90
• , 5 mm slice thickness, 3 mm in-plane resolution, and a transmit/receive head coil. TRs of 200 and 400 ms were used in scaling factor experiments, which had a maximum SAR of 0.1 W/kg.
In vivo experiments were performed on healthy volunteers. All subjects gave informed consent in accordance with Stanford University policy after they were screened for possible MRI risk factors. Axial images in the lower leg were acquired for imaging cortical bone in the tibia, which has a reported T * 2 of 420-500 µs and T 1 of 140-260 ms (9), using imaging parameters of TE = 80 µs, TR = 300 ms, flip angle = 90
• Again, a wider bandwidth fat inversion pulse was used for more robust fat suppression. The maximum SAR of this sequence was approximately 0.08 W/kg.
Scaling factors based on Bloch simulations of the adiabatic pulses and Eq. 6 were initially applied to the acquired images. These values were then manually adjusted to give the most complete cancellation of fat and muscle in regions known to contain these long-T 2 tissues.
Results
Simulations
An adiabatic sech inversion pulse is compared to rectangular and Shinnar-Le Roux (SLR) (34) inversion pulses in Fig. 5 . All three pulses were designed to have the same FWHM bandwidth, thus they have similar on-resonance T 2 profiles (Fig. 5d ,e, and f). The rectangular pulse has a very poor off-resonance profile (Fig. 5g ), but the SLR and sech pulses have flat off-resonance profiles (Fig. 5h, i) . Changes in RF amplitude, indicated by the gray lines, severely degrade the rectangular and SLR pulse spectral profiles, while the adiabatic pulse profile is nearly invariant to these changes (Fig. 5i ).
The sech pulse T 2 profile in Fig. 5f shows less complete inversions than the rectangular and SLR pulses for T 2 values greater than 1 ms. This is because the magnetization spends more time in the transverse plane during the frequency sweep of the 30 ms adiabatic sech pulse, resulting in more T 2 decay than during the rectangular and SLR pulses. However, the sech pulse response for the longer T 2 values does not change much with the ±20% RF amplitude variations, especially in comparison to the rectangular and SLR inversion pulses ( Fig. 5d and e). There is substantial variation in shorter T 2 response to amplitude modulations for all pulses, as expected from Eq. 1.
Experiments Figure 6 shows a comparison of the predicted scaling factor (Eq. 6) and phantom imaging results. The predicted and experimental values agree very well. Figure 7 shows results of imaging the cortical bone in the tibia. In the phase of the image acquired with the inversion pulse centered at the water resonance (Fig. 7c) , only the muscle is inverted, indicated by the dark shading. Similarly, only the fat near the skin and in the bone marrow is inverted in the phase of the image acquired with the inversion pulse centered at the fat resonance (Fig. 7d) . In both images, the inverted components are not fully inverted, as shown by their reduced signal in the magnitude images (Fig. 7a, b -identically windowed) .
While the unscaled sum (Fig. 7e) provides better cortical bone contrast than the UTE image (Fig. 7i) , the scaled sum (Fig. 7f) , created using the process shown in Fig. 4 , improves the contrast significantly and has better fat suppression. In addition to the cortical bone in the tibia and fibula (long, thin arrows), signal also remains in the skin, around the vessels, and between the muscles and also their fascicles. This may be from short-T 2 components, such as collagen or other connective tissues, but could also be due to the off-resonance sensitivity of the inversion pulses or partial volume artifacts from the phase separation.
This suppression is still effective with the 20% variations in the B 1 field artificially induced to produce the images in Fig. 7g and h. The cortical bone signal is proportional to the RF amplitude, as expected from Eq. 1, and the scaling factors used are slightly different across the images (see Table 1 ). Figure 7j shows the scaled sum result using a non-inverted and a fat-inverted image for just long-T 2 fat suppression. While cortical bone contrast is improved, there is very high signal from the surrounding muscle and vessels. This large signal difference causes streaking artifacts, which are also seen in the UTE image (Fig. 7i ) because of the angular undersampling. The result of suppressing only fat, windowed identically to the other scaled sums, shows no substantial gains in short-T 2 signal.
A high-resolution ankle scan, taken at the distal tibia above the ankle joint, is shown in Fig. 8 .
The short-T 2 tissues, such as the tendons and cortical bone, are visible in the unsuppressed UTE image (Fig. 8a) , but have poor contrast. The effectiveness and spectral selectivity of the water and fat adiabatic inversion pulses is shown in the corrected phase images (Fig. 8g, h ).
The muscle and vessels have the opposite phase of the fat and tendons in the water-inverted acquisition while the fat has the opposite phase of the muscle, vessels, and tendons in the fat-inverted acquisition. When the difference of the phases is taken (Fig. 8i) , the water long-T 2 tissues, the fat long-T 2 tissues, and the short-T 2 tissues (arrows) can all be distinguished, and this map is used for segmentation. Figure 8d and e are identically windowed so the attenuation due to the inversion pulses can be seen.
A simple sum of the fat-and water-inverted images yields reasonable suppression of long-T 2 tissues (Fig. 8f) . Without scaling, many of the tendons and the cortical bone are difficult to distinguish because they are surrounded by fatty tissue and muscle. The suppression is substantially improved by using a scaled sum (Fig. 8j, k, l) . These images have signal in the skin and also at fat-water interfaces around the muscles and vessels which may be from short-T 2 components in connective tissues or collagen but could also be the result of partial volume effects and off-resonance that prohibit accurate phase separation and appropriate scaling.
The short-T 2 signal is proportional to the RF amplitude, which can be seen in Fig. 8j , k, l, particularly in the Achilles' tendon. This relationship is expected from Eq. 1 and Fig. 5f .
The suppression of the surrounding fat and muscle does not suffer from these changes in RF amplitude.
Combining the TE = 4.6 ms image (Fig. 8b ) and the UTE image (Fig. 8a) eliminates most of the fat signal but not all of the muscle signal (Fig. 8c) . Most of the short-T 2 components are enhanced by the subtraction but the flexor hallucis longus tendon is completely obscured by the remaining flexor digitorum muscle signal. The muscle signal can also be suppressed by altering the scaling of the combination, but the fat signal will then be unsuppressed and other tendons will be obscured.
The scaling factors used for all in vivo suppression images are compared to the predicted scaling factors in Table 1 . These agree well for skeletal muscle and blood, for which the same scaling factor is applied to the water-inverted images. For fat, however, there is a consistent underestimation of the required scaling factor. Varying the RF amplitude results in some fluctuation of both the predicted and actual scaling factors, but these are small relative to the variations that would arise from rectangular or SLR inversion pulses, as is shown in Fig. 5 .
Discussion
Our method produces long-T 2 suppressed images by combining two images which have different magnetization preparation schemes to distinguish various T 2 values. This technique is B 1 insensitive because adiabatic inversion pulses are used for the magnetization preparation.
It is useful for imaging species with T 2 values less than a few ms. Longer T 2 species will be more affected by the inversion pulse and their SNR will suffer. There is some short-T 2 signal attenuation from the inversion pulses in our technique.
This technique has some advantages and disadvantages when compared with the previous methods of subtracting a late echo and RF suppression pulses (21). This method is very similar to the RF suppression pulses in terms of contrast, SNR efficiency, and off-resonance sensitivity because they share the same RF pulse T 2 -bandwidth tradeoff. The advantage of this method is that it is B 1 -insensitive and also provides reference images. Subtracting a later TE image is also B 1 -insensitive, and is more robust to off-resonance. The resulting images appear noisy because the later TE images only add noise. Subtraction has been shown to be more SNR efficient than suppression pulses (35) , and has less restrictions on the TR and flip angle than our method. The subtraction result shown in Fig. 8c doesn't suppress all tissues well, but has good signal in the Achilles' tendon.
The adiabatic inversion pulses must be designed for B 1 insensitivity and minimization of off-resonance artifacts. Their amplitude must be set such that the maximum expected RF attenuation will result in an amplitude that corresponds to the adiabatic threshold. In
Figs. 7 and 8, this was chosen to accommodate 20% RF attenuation. Other adiabatic inversion pulse shapes besides the sech and Lorentz could also be used, but will likely not significantly alter the performance of the technique because, regardless of the modulation functions, the bandwidth of the adiabatic pulse will primarily determine the T 2 contrast.
A shorter adiabatic pulse could potentially improve performance by reducing the relaxation effects for long-T 2 components, thereby reducing the magnitude of the scaling factor.
There is a fundamental tradeoff in the inversion pulse design between bandwidth and short-T 2 attenuation, which is described in Eq. 2 and shown in Fig. 1 . In order to preserve short-T 2 signal, narrow bandwidth pulses are used, which makes the suppression sensitive to off-resonance. This tradeoff is best managed by adjusting the pulse bandwidth for the application. For example, wider bandwidth pulses were used in the ankle (Fig. 8 ) because of the susceptibility near air-tissue interfaces. A field map can be used to best match the inversion pulse bandwidths and center frequencies to preserve the most short-T 2 signal.
We do not anticipate that these pulses will introduce any significant T 1ρ -weighting. This type of weighting requires large-amplitude, long-duration spin-locking pulses. Our T 2 -selective adiabatic inversion pulses have low amplitudes, and thus we do not anticipate any difference due to T 1ρ .
The pulse sequence was designed to balance the magnetization between the two acquisitions, although scaling factors are still required for complete suppression. The acquisitions are interleaved to reduce differences in the steady-state magnetization and prevent motion artifacts. Half-pulses with 90
• flip angles put the magnetization in the transverse plane after every excitation, resulting in nearly identical T 1 relaxation between acquisitions and allowing for the use of Eq. 6. Other half-pulse flip angles could also potentially be used for greater SNR efficiency. The required scaling factors would be predicted by Eq. 5 and would have have more complicated dependencies on T 1 , TR, and the flip angle. The TR and the readout duration can also be adjusted for the optimal short-T 2 SNR if the T 2 and T 1 are known.
In our experiments, we found the scaling factors predicted by Eq. 6 had to be adjusted slightly for complete long-T 2 suppression, and especially for fat suppression. The underestimation has multiple possible causes, the most likely of which we believe to be either the broad range of resonances found in fat or a short-T 2 component in fat, which has been previously suggested (35) . Off-resonance decreases C prep and thus increases the scaling factor, as would the presence of a short-T 2 component. The Appendix characterizes some potential sources of variation in the scaling factor.
The fat and water long-T 2 suppression technique requires accurate separation of the inverted and non-inverted components which is done using the phase of the images. Additional phase accumulation due to resonance shifts is nearly negligible because of the ultra-short TE.
Taking the difference of the image phases also removes any baseline phase. The linear phase correction assists with phase unwrapping. We have found this separation to be reasonably robust, even in vivo. However, partial volume effects are problematic in voxels that contain both long-T 2 fat and water. These voxels cannot be appropriately scaled to suppress both tissues. The partial volume effects can be reduced by using high resolution acquisitions.
Voxels with a short-T 2 species and only one long-T 2 species do not suffer from partial voluming provided the long-T 2 magnetization exceeds the short-T 2 magnetization. In this case the voxels are designated as inverted. The long-T 2 components will be suppressed by the scaled sum and the short-T 2 components will remain. Partial voluming is also not a problem for long-T 2 suppression around one resonance because no phase separation is necessary.
Conclusion
We have introduced a new method for long-T 2 suppression that is robust to variations in the B 1 field by using adiabatic inversion pulses to create T 2 contrast. These inversion pulses selectively invert long-T 2 species, which can be suppressed by also acquiring an image where they are not inverted and then combining these images. This method can also include fat suppression by combining an image prepared with the inversion pulse on the water resonance and an image with the inversion pulse on the lipid resonance.
The phantom experiments presented confirmed the T 2 contrast of the adiabatic inversion pulses and the effects of interleaved acquisitions. The images in the lower leg and ankle using long-T 2 suppression at both resonances show excellent visualization of the cortical bone and tendons, and the suppression was robust to variations in B 1 .
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Appendix Scaling Factor Variations
The scaling factor derived in Eqs. 5 and 6 has been shown to match well with experimental results in phantoms (Fig. 6 ) and for muscles and vessels (Table 1) , but there is consistent underestimation for fat. The in vivo predicted scaling factors use estimates of the relaxation parameters, the RF amplitude, and the resonance frequency, all of which are potential sources of error. Table 1 shows the effect of RF amplitude variations on the predicted scaling factors. The 20% B 1 variations result in less than 10% of variation in S/S inv . Changes in the relaxation parameters of ±20%, shown in table 2, result in only up to 5% variation in the scaling factor. Table 2 also shows how off-resonance can have a very substantial effect on the scaling factor.
This difference is greater for skeletal muscle because the water-inversion pulse used has a narrower bandwidth than the fat-inversion pulse.
The scaling factor model can be modified to incorporate multi-exponential relaxation which exists in most tissues. This is done by modifying the relaxation terms, e −t/T 1 and e −t/T 2 , to model multi-exponential decay and recovery. These terms, which are used to calculate E 1 , E 1 , and C prep , are replaced with summed relaxation terms:
where T 
There may also be additional short-T 2 components with T 2 < 2 ms in many tissues (36).
They have not been included in this analysis, but their presence would cause the scaling factor to increase. Tables   1  Comparison of (Fig. 7f,g, Table 2 : Simulated effects of variations in the relaxation values and off-resonance on the scaling factor. The effect of ±20% B 1 variations on the inversion pulses is shown in Table 1 . The pulses used are from Fig. 7 . Plot of the simulated longitudinal magnetization remaining after 100 ms adiabatic sech inversion pulses with different bandwidths for various T 2 values. As the pulse bandwidth increases, M Z decreases and the inversion is more complete. Longer T 2 species also are more inverted than shorter T 2 species, although they are still not fully inverted because of transverse relaxation during the pulse. Figure 2 : Inversion combination 2D UTE pulse sequence. An inversion pulse with a crusher gradient is applied before a standard UTE pulse sequence to create a long-T 2 inverted image. This is interleaved with the second acquisition to minimize differences from T 1 -weighting and motion between the resulting images. A second inversion pulse centered on the lipid resonance can be applied (gray box) to additionally suppress fat long-T 2 species. show excellent contrast for the cortical bone in both the tibia and fibula (long, thin arrows). The signal in the skin, around the vessels, and between the muscles and fascicles (short, fat arrows) may be from short-T 2 components, or suppression failures due to off-resonance and/or partial volume effects. Scaled sums of water-and fat-inverted images with 80 %, 100 %, and 120 %, respectively, of the desired RF amplitude, all identically windowed. The Achilles', peroneal, flexor hallucis longus, flexor digitorum longus, and tibialis posterior tendons have significantly improved contrast in the scaled sum images (long, thin arrows), and are also distinguishable in the phase difference (i). The cortical bone of the fibula (short, fat arrow) and the plastic boot stabilizing the foot (double arrow) are also very visible.
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